The function of the cardiovascular system is part of a complex biologic unit. The performance of the heart as a pump is modulated by both intrinsic (mechanical, biochemical) and extrinsic (neuronal, hormonal) mechanisms (1) . When the natural heart is replaced with a mechanical total artificial heart (TAH) system, hemodynamic regulation becomes greatly dependent on the control of the TAH performance and its interactions with extrinsic cardiovascular mechanisms.
Over the past two decades, animals with total artificial hearts have survived for over ten months, growing and exercising normally. However, for many of these animals, their cardiac outputs remained within a certain range due to the limited ability of the TAH driving system to self-regulate TAH function in response to the animals physiologic needs. These blood pump systems were probably responsible for the main pathological findings in these animals: increase in venous pressure, enlargement of the liver and mild functional liver disturbances, edema and ascitis, expressing the need for a more physiologically responsive control system to allow the TAH to more appropriately replace the natural heart's control function (2) (3) (4) (5) (6) (7) .
Two principal options exist in the choice of control schemes. The first, called intrinsic, does not require any internal sensor, appears simple and reliable, but has limited responsiveness. The second, extrinsic, uses a more interactive and 'complex control loop creating a broader response range, but requires implantable sensors and is more technically complicated.
This paper reviews examples of various existing approaches to automatic control schemes for pneumatic TAH's. The similarities and differences between these systems will be discussed. The role of sensors for systems involving intrinsic and extrinsic feedback is evaluated and criticized.
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Perhaps the most basic and uncomplicated control system uses principles based on the intrinsic function of the natural heart. The TAH models developed at the University of Utah are examplery of these principles, resulting from early contributions by Kwan-Gett and Kolff (8) . In this control mode, the driving parameters themselves, once set, are not altered and the changes in the atrial pressures of the animal influence the filling of the ventricles by what can be called a "Starling-like" mechanism: at a constant pumping rate an increase in atrial pressure will produce additional filling leading to an increase in stroke volume. The main rules for adjustment of the driving parameters are avoidance of full-filling of the ventricles by increasing the heart rate to permit only about 75% filling, driving the left ventricle sufficiently to obtain full-ejection at any point of the respiratory cycle, and adjusting the systolic drive pressure of the right ventricle to regulate right and left balance (8, 9) .
Since this control mode is based on manual setting of the driving console, the beat-to-beat regulation is performed without the use of any sensor integrated to the implanted TAH device. The use of external air driveline pressure sensors permit analysis of the driveline pressure waveform, from which full-filling and fullejection of the ventricles can be determined for selecting the drive console settings. In addition to these pressure signals, the adjustments necessary for this control system are facilitated by the use of the Cardiac Output Monitoring and Diagnostic Unit (Comdu" is a registered trademark of Symbion, Inc., Salt Lake City, Utah), which was developed to noninvasively measure the quantitative and qualitative function of pneumatic ventricles (10, 11) . By measuring the exhaust airflow during diastole, when the air in the drive-line and under the blood diaphragm is near ambient pressure, it is possible to determine the quantity of blood entering the ventricle: one cc of blood that enters the ventricle pushes approximately one cc of air out the drive-line. A pneumotach is connected to the exhaust port of the driving console and the airflow measurements are calculated and stored in a computer.
Mathematical integration of the instantaneous airflow measurements over a selected diastolic interval produces a calculated filling volume for each ventricle during that period, and an estimate of cardiac output (liters/minute) based on the calculated stroke volume. By correlating the calculated numerical data with a visual display of the airflow curves for both ventricles problems such as maladjustment of the heart driver, abnormalities in the performance of the inflow and outflow valves or of the diaphragm, and states of hypovolemia, hypervolemia or tamponade, can be accurately diagnosed (10) . Routine monitoring for documenting the biologic response and TAH function in unstable states or during periods of experimental investigation (such as exercise testing) are facilitated in a non-invasive fashion by the Comdu™.
An increase of cardiac output of 50% or more may be obtained with muscular exercise, because of the increase in venous return and the decrease in vascular resistance, leading to an increased preload for the heart which gives a proportionally larger stroke volume (12) . This autoregulation, based on the reserve in filling volume of each ventricle generated by the limitation of filling time, can accomodate physiologic demands to a limited extent. However, as the atrial pressure rises the reserve volume is diminished, and the heart rate has to be manually re-adjusted to a higher level to preserve the reserve capacity. While this type of intrinsic regulation can easily accomodate limited and transient changes in filling volumes, such as those due to respiration, cough, Valsalva maneuver, and excitation, more dramatic and prolonged volume variations must be dealt with by manually increasing the heart rate (9, 13).
-Full-fill/variable rate control
Researchers at Pennsylvania State University (3) have addressed the limitations of the passive fill-limited control mode by developing a more active control scheme. Their approach is based on the physiologic observation that, at a given constant systolic driving pressure and diastolic vacuum, the filling time of the ventricle will be proportional to the preload (atrial) pressure and the ejection time proportional to the atterload (arterial) pressure. By using external air driveline pressure transducers, the air pressure waveform for each cycle is assessed for the determination of the full-fill and full-ejection events and derivation of 148 left atrial and aortic pressures. Centering the control system around left ventricular performance, complete filling and emptying of the ventricle is achieved while maintaining acceptable atrial and aortic pressures. The total cycle length determines the pumping frequency, which can vary from beat to beat. The automatic control system consists of two linked negative feedback loops. Control of the left ventricle focuses on maintaining full-filling and ejection, while varying the ventricular pumping rate inversely to the aortic pressure to maintain it at a determined reference level. A second control loop serves to regulate right and left ventricular balance by modulating right pump function. Changes in the detected filling time of the left ventricle trigger proportional changes in the systolic interval of the right ventricle on a beat-tobeat basis, thus balancing left and right pump flows and maintaining left atrial pressure within determined controlled limits.
At the Cleveland Clinic (14) diaphragm type pusherplate pumps are driven in the full-fill/full-empty mode, producing a constant stroke volume at a variable rate. Both the end-filling and end-ejection are determined by a Hall-effect sensor incorporated in the implanted devices. The right and left pumps are driven with fixed levels of air pressure and vacuum and function at independent rates, their filling and emptying times being intrinsically determined by their respective preload and afterload. This variable rate control system allows the ventricles to function independently at different rates, or they can be synchronized with either the left or right serving as the control master.
One of the motivations for developing this system was to solve the problems of high right atrial pressure and increased circulatory blood volume occurring in animals after a few weeks with fill-Iimited/fixed-rate TAH systems (7) . The enhanced filling pressure sensitivity of this pusherplate system, in comparison to the free flexing diaphragm devices, allows improved responsiveness to venous return on a beat-to-beat basis when the pumps are driven in an independent fixed-stroke, variable rate mode. While this independent pumping mode easily accomodates right/left flow differences and yields excellent systemic and pulmonary hemodynamics, alternative pumping modes involving synchronization and pump slaving have been explored. The use of the "left master alternate" pump-ing mode, by allowing pooling of blood in the systemic venous reservoir allows more precise control of left atrial pressure and reduces the magnitude of the left and right flow differences (15) .
Researchers in Berlin have modified the previously described pneumatic heart driving schemes in an attempt to enhance the preload and afterload sensitivity of the control system (4, 16, 17) . The use of external air driveline pressure transducers allows pressure waveform signals to be obtained for the control system without internally implanted sensors. A combination of full-fill triggering with systolic positive drive pressure control allows the preservation of a relatively constant systolic/diastolic time ratio, improving the responsiveness to increases or decreases in afterload without requiring changes in pumping rate or cardiac output. This system also increases the preload sensitivity with the addition of a regulated diastolic vacuum controller. An increase in atrial pressure can be detected by an increase in the stable value of the diastolic plateau, which signals the controller to increase the vacuum to maintain the filling pressure at a preset value within a particular diastolic interval (18, 19) .
To maintain the balance of cardiac output between left and right pumps without requiring independent controllers for each pump, these researchers have designed blood pumps with a 15-20% greater stroke volume for the left pump than the right. The development of excessive left atrial pressure is prevented by the addition of an emergency control: when a certain preset level of left atrial pressure has been reached, the controller decreases the drive pressure of the right pump and consequently its cardiac output, thus avoiding hydrostatic damage to the pulmonary vascular bed.
B -Cardiac output regulation by physiologic parameters
The main challenges in development of physiologically responsive control systems are the selection of appropriate control parameters, determination of a control algorhythm and development of reliable sensors to obtain information about the status of the chosen parameters. The goal in designing an adaptive control system is to integrate the performance of the TAH as a dynamic unit within the cardiovascular system. There must be automatic compensation for changing needs such as going from a resting state to an exercise state, but without leading to physiologic imbalance, creating complications such as venous hypertension, pulmonary congestion, or circulatory insufficiency.
In attempts to develop automatic TAH control systems that can best adapt to the changing cardiovascular needs of the organism, various research groups have explored the addition of physiologic signals as control parameters along with the responsiveness to preload and afterload. The physiologic basis for monitoring these signals and the types of sensors employed are derived directly from studies for the development of exercise responsive cardiac pacemakers (20) .
The P-wave from the natural remnant atria represents a sensitive physiologic signal which can be detected by implantation of surface electrodes for sensing the atrial conduction and used as a trigger for the driver system (21) (22) (23) (24) . Rate changes in remnant atrial contraction reflect neural and chemical influences on myocardial activity. However, the development of atrial arrhythmias and the limitations in the stability of the P-wave measurements have prevented successful long-term application of this signal as a control parameter.
Studies have been performed on measuring aortic nerve activity as an indicator of the level of afferent autonomic neural signals to the cardiovascular structures (25) . Special electrodes were designed and implanted for these studies, but adequate data could not be obtained from chronic TAH animals to demonstrate the usefulness of this control signal.
Taking a different approach, the same researchers investigated the use of muscle temperature as a physiologic signal for regulating cardiac output in relation to the level of physical. activity (25) . The quadriceps femoris muscle of the calf was observed to possess a good correlation between the rise of intramuscular temperature with an increasing level of physical activity, and a regression curve was established between changes in muscle temperature (measured by an implanted "PTCTM resistor" sensor) and cardiac output. Despite the excellent correlation between the rise in muscle temperature and the increase in cardiac output, the muscle temperature required a much longer time to return to normal than the cardiac output did, negating its potential as a control parameter.
Early work on the physiologic response to TAH control modes had explored the use of mixed venous oxygen saturation as an aid to adjusting the driver settings determining the cardiac output in calves (26) . More recent research has lead to the development of optical sensors for determining continuous hemoglobin oxygen saturation by reflectance measurements (27) . These sensors, when mounted on the blood-side housing of both right and left ventricles, permit the determination of the arterio-venous oxygen difference on a beat-to-beat basis, and can be used to automatically regulate the pump output with the help of an external microprocessor system. The addition of the arterial blood oxygen saturation information, leading to the calculation of the arterio-venous oxygen difference, enhances the specificity of this information when compared to the use of mixed venous oxygen saturation alone.
The use of the TAH in orthotopic cardiac replacement presents a formidable challenge to the engineer, physiologist, and surgeon. For adequate simulation of the necessary cardiac functions, the appropriate mechanical analogies must be derived and incorporated into the design of the TAH system. Because of the multiple possible approaches for developing an autoregulating control system, design points must be selected which allow the TAH device to be best regulated in the chosen fashion.
The selection of intrinsic regulation using the filllimited fixed rate control mode commits the TAH system to certain design features. The major benefit of this control scheme is its simplicity during periods of relative hemodynamic stability. Since the beat-to-beat regulation is intrinsic, only occasional monitoring of the air driveline pressure waveforms and manual resetting of the driver console is necessary to maintain acceptable regulation. This system does not require the use of implanted sensors or open port catheters for pressure monitoring, eliminating the problems associated with these devices. Simple decision-tree atgorhythms allow the drive console operator to interpret the air driveline waveforms, make appropriate adjustments and identify emergency states, permitting a wide range of personal (after adequate training) to operate the system (11) .
Despite its simplicity, the fill-limited fixed rate control mode has attendant disadvantages in component design and performance. The ventricular pumping chambers must be sized for a large full-stroke volume, allowing sufficient stroke volume with only partial filling and the maintenance of a reserve volume for responding to increases in filling pressure. The size of these chambers imposes limits on the anatomic fit of this type of TAH, especially in smaller sized patients. Although the fit of these chambers can be improved by reducing the maximal volume capacity of the ventricle, this creates a proportional reduction in the reserve stroke volume available for intrinsic regulation.
Because the actual stroke volume of the pumping chamber varies with each beat, accurate assessment of the output flow from each pump is difficult. The use of diastolic exhaust airflow measurements for quantifying the filling volume for each cycle provides an estimate of the pump output (filling volume pumping rate) which can be averaged over a minute of cycles to give the cardiac output (l/min.). The accuracy of this technique is limited to about ± 10%, reflecting the errors in airflow quantification and the loss of systolic forward flow due to valvular regurgitation, device material compliance, and varying afterload pressures.
Other groups involve an extrinsic control system: requiring the internal measurement of a selected parameter and the presence of an external microprocessor unit to treat the information and to direct the driving console.
If most of the parameters described in the last part of the previous chapter are particularly ingenious and a good reflect of the metabolic reality (21, 25, 27) , the sensors developed for their measurement still show technical limitations to be used in a vital automatic TAH control system. Some of these sensors are not long-term reliable ("P-wave" triggering, aortic nerve activity), and if some of the others are currently used in other fields (muscle temperature, saturation sensors), the systems suffer from the time course necessary between the changes in metabolic demand and the signal to the regulation system.
The actual achieved automatic control systems use well-known, reliable, internal pressure sensors sending informations to the external microprocessor units (3, 17) . The choice of the pressure measured (AoP, RAP, LAP, PAP), depends on the research groups and on their conviction of which parameter seems to be the most accurate reflect of physiologic changes. In all cases, the efficiency of the system is higher than the only intrinsic control scheme, but its reliability depends on the stability of the measurements, on the reliability of the sensors and on the eventual technical failures of the different elements. 
